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The observation? of neutrinos from the LMC supernova makes
possible direct tests of the theory of supernova explosions and of
properties of weakly interacting particles. Here we describe a
combined analysis of the angular and energy distributions of the
events observed in the Kamiokande and the IMB detectors which
determines the effective temperatures and fluxes of neutrinos and
anti-neutrinos produced by the explosion. Qur main result is that
a simple model is consistent with the available data and in reason-
able agreement with conventional models of supernova explosions.
The parameters of the model are: a single temperature, T, of
41729 MeV, a flux of electron anti-neutrinos of (0.5%93,)x
10" cm™2 [total energy in &, =(3.07]7 x 10°2 erg)], and a poorly
determined flux of ‘scattered’ (see below) neutrinos=
(0.2-5) X 10" cm™2. Several statistical tests were used to determine
the acceptable range of these parameters. We have also set limits
on possible high-temperature fluxes of neutrinos or anti-neutrinos
that might result from matter oscillations™*,

The dominant events in both the Kamiokande (2.1 active
ktons) and the IMB (5 active ktons) water detectors are expec-
ted">* to be the absorption of electron anti-neutrinos by protons
and the scattering of neutrinos of all flavours by electrons. The
experimental quantities that we use are the measured energies
and angles (with which the detected electron or positron moves
relative to the direction of the LMC) of each of the events,
together with their quoted 1o uncertainties. The IMB collabor-
ation, with a threshold just below 20 MeV, observed 8 events
with energies between 20 MeV and 44 MeV. The Kamiokande
II collaboration (threshold ~7 MeV) reported 11 events spread
out over 12.4 seconds. The first 8 events occurred within <2s
and were followed by a 7-s gap. The subsequent three events,
with lower average energy, could have been generated by a
process with different parameters. One might be tempted to
speculate that these latter events correspond to scattering of
electrons by mu or tau neutrinos (or other exotic particles) with
a rest mass of ~20 eV (to explain the time delay). This specula-
tion can be ruled out at the 99.7% confidence level because the
events in question make relatively large angles with respect to
the direction to the LMC (122°+30°, 49°+26° and 91°+39°.)
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The detection of two events in the IMB detector during the gap
in the Kamiokande detector reduces the significance of the gap.
In a subsequent paper®, we show that a thermal spectrum from
a cooling neutron star describes well the arrival times as well
as the observed energies. Since the neutron star probably cooled
significantly by the time (~10s) the last Kamiokande events
were observed, we concentrate our single temperature analysis
on the first 10 seconds.

We shall consider first solutions in which each type of neutrino
(i=electron, muon, tau, and their anti-neutrinos) is decribed
by a thermal spectrum, with an associated temperature, T;, and
a flux, F; at Earth (measured per cm?). The rate at which events
of a definite energy (E,) are observed in each detector can be
written

R(E{T, F})=% FiMJ JdEédq(de/dEé)a

X ¢i(q’ ’TI)S(E::)g(Ee’ Eé’ (Té)

where we denote the various neutrino temperatures and fluxes
by {T;, F}, the energy of the electron (or positron) that is
produced by E., the neutrino energy by g, the neutrino interac-
tion cross sections by do/dE(j = 1, 2 for scattering and absorp-
tion), the neutrino spectrum by ¢ o g” exp (—q/ T), the detection
efficiency by ¢, and the measuring error by g (which we represent
in practice by a gaussian). We have linearly interpolated between
the reported’-? detection efficiencies to obtain simple representa-
tions of the detection efficiencies, &.

The absorption cross-section is approximately quadratic in
energy: 0,,,=8.9x10"*cm? (E’/10MeV)?. The scattering
cross-sections are more complicated; in the calculations
described below, we have used the full expressions’. The follow-
ing approximation, (do,../dE')dE’=constantx 10™* cm?
(dE'/10 MeV), is useful in interpreting the results. For v -e.
v,-e, P~e and ¥, -e scattering, the constant is, respectively, 6.’
1.6, 3.9 and 1.3. The total scattering cross-sections are represei
ted, for the energies of interest here, to an accuracy of ~10%
by the approximation given above. We have also included
contributions from neutrino absorption by oxygen, which,
however, is unimportant at the temperatures considered here.

The corresponding formula for the angular distribution is (u
is the cosine of the angle that the recoil electron or positron
makes with respect to the direction of the LMC):

A(uAT, F}) du =3 FN, d#J f du’ dg(doy/du);
L)
x ¢:(q, T)e(E)S(u, 1) (2)

where the smoothing function S represents the uncertainty of
the angular measurements, ScCsin 8’ exp (—63/A(0')?) and 6,
is the angle between the measured direction (represented by u)
and the actual direction (represented by ') in which the electron
moves. The absorption events are nearly isotropic: probability
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P(u")du'=du’[1—0.10(v/c)u'], where v is the velocity of the
produced positron. The scattering cross-section is, on the other
hand, strongly forward peaked (see equations (9) and (20) of
ref. 7 for the detailed formulae we have used). The IMB detector
was biased against backscattering events during the period when
the supernova was detected; we included this bias by setting
the efficiency for detection equal to 1.0/1.15 for w <0.

The functions representing the experimental errors (g in
equation (1) and S in equation (2)) are very important since
the energy distributions (and interaction cross-sections) of the
incoming neutrinos are not flat and the scattering cross-section
is strongly forward peaked. Measuring errors shift the apparent
energy distribution of events in the IMB detector to significantly
higher energies for the inferred anti-neutrino temperatures dis-
cussed below. For our preferred temperature (see equation (3a)
below), including the measurement errors in energy increases
the expected number of events in the IMB detector that are seen
to be above 35 MeV by 50% and doubles the total number of
events above 40 MeV.

We can at best determine one flux of ‘average’ scatterers. At
the energies considered here, electron, muon or tau neutrinos
(or anti-neutrinos) will all scatter electrons in the forward direc-
tion. We do not have any way of separating, in a model-
independent way, neutrinos and anti-neutrinos of different
flavours from their electron neutrino counterparts. For the con-
ventional fluxes and temperatures summarized in Table 1 of ref.
5 and the scattering cross-sections given above, ¥, Flux (i)o .,
(i)= 1.6 Flux (v.)0au(v.)- In what follows, we lump together
the fluxes of all neutrino and anti-neutrino scatterers into an
‘effective’ scattering flux, F,., defined by F,0an (Vo) =24
Flux (i)0 . (). We expect, but cannot prove, that F, ~
0'5 X Fscatt'

Most (but not all) of the information regarding the tem-
peratures is contained in the measured energy distributions;
most (but not all) of the information regarding the ratio of v, .,
to ¥, fluxes is contained in the measured angular distributions.
The reader can readily appreciate the coupled nature of the
problem by considering the following example. The forward
peaking observed in the Kamiokande detector (five events within
45° of the LMC direction) suggests an appreciable amount of
v-e scattering, while the relatively isotropic IMB data indicate
that, at the higher energies observed in this detector, scattering
is not particularly important. The absorption cross-section
increases more rapidly with energy than the scattering cross-
section (see above); this fact is related to both the relative
number of events observed in the two detectors and their
different angular distributions. The strongest limits on Fye,./ F;,
result from the relative isotropy of the IMB events combined
with the forward peaking observed in Kamiokande.

We have performed both estimation-of-parameters and good-
ness-of-fit tests on the data. Maximum likelihood parameters
were estimated using a single likelihood function that incorpor-
ates the expected energy and angular distributions, as well as
the quoted’? detector efficiencies and measurement errors in
each detector. The joint likelihood function also takes into
account the absolute number of events in each detector. Use of
a joint likelihood function gives parameters that are most con-
sistent with the observations in both detectors. To test whether
this consistency is credible, without reference to likelihood, we
find the range of parameters aillowed by the Kolmogorov-
Smirnov (KS) measures of the goodness-of-fit to the observed
energies and angles of the individual events. Finally, we have
also verified that the maximum likelihood and KS tests are
consistent by doing Monte Carlo simulations with the maximum
likelihood parameter values. The simulations do indeed produce
synthetic data sets that are strongly concentrated in the KS-
allowed region.

Figure 1 shows our results for the allowed range of T and
F ./ F;.. The star marks the peak of the likelihood function.
Solid contours indicate where the likelihood function is 0.1 and
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Fig. 1 Allowed and excluded temperatures: the allowed regions
are unshaded and the excluded regions are shaded. Contours of
the joint likelihood function are indicated by the smooth curves
in the T, F,,/F; plane. Darker regions are excluded by both
detectors. The region outside the long dashed lines is excluded by
the energy distribution of the IMB data (at 0.05 significance with
a Kolmogorov-Smirnov test). The region outside the short dashed
lines is excluded by the energy distribution of the Kamiokande
data (at 0.05 significance). The region above the dotted line is
excluded by the angular distribution of the Kamiokande data (at
0.05 significance). The overall allowed region is bounded by the
upper limits to the temperature from the Kamiokande data, and
by the lower limits to the temperature from the IMB data. The
solid lines indicate contours of the likelihood function at 10%
(inner) and 1% (outer) of its maximal value. While the upper half
of the plot is not excluded by the observed data, it is unlikely on
the basis of energy considerations (see discussion preceding
equation 3(c)). The shadings shown here do not depend upon the
relative sensitivity of the detectors.

0.01 of the peak value. Different aspects of the data rule out
separate parts of the parameter plane. Darker shades delineate
regions that are excluded by data from both experiments. The
region outside the short dashed lines is excluded (less than 5%
significance level) for the KS measure of the energy distribution
of the Kamiokande data. Similarly the region outside the long
dashed lines is excluded by the KS measure of the energy
distribution of the IMB data. The KS measure of the angular
distribution of the Kamiokande data rules out (again with 5%
significance) the region above the dotted line. The allowed region
(dashed lines) is determined on the high-temperature side by
the energy distribution measured in the Kamiokande detector
and on the low-temperature side by the IMB energies.

The ratio of scattered events in Kamiokande to absorption
events in IMB sets another temperature-dependent limit on
Ficau/ F;, which rules out high values of F,,,/F,_at low tem-
peratures. Finally, the ratio of the number of absorption events
in the two detectors sets a lower limit of 3.7 MeV for the
temperature (see Fig.2a).

The formal maximum of the likelihood function occurs at
T=48MeV, F,,./F,_=44, and F, =025x10"°cm™2. This
high value of F,,,/F,_is, however, physically unreasonable; it
corresponds to F,.,, =11x 10'° cm ™~ and therefore would imply
that much more than 0.1 Mo was radiated in neutrinos (see
remarks regarding total energy that precede equation (3c)). The
likelihood function is also consistent with smaller values of
Fi.w/ F;_< 10. For these physically plausible values of the flux
ratio, the ‘ridge line’ (maximum of the likelihood function as T
varies at a fixed flux ratio) lies nearly along the constant value

T=4.1 MeV. (3a)

The corresponding value of F;_is 0.5%10'° cm ™. If we include
the last three events in the Kamiokande data, the maximal
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Fig. 2 a, Allowed range of anti-neutrino fluxes: electron anti-
neutrino fluxes between the solid lines are consistent (5% sig-
nificance) with the detection of between 3 and 7 anti-neutrino
absorbtion events in Kamiokande and between 6 and 8 absorption
events in the IMB. b, Allowed range of scattering neutrino fluxes:
neutrino fluxes between the solid lines are consistent (5% sig-
nificance) with the detection of between 1 and 5 scattering events
in Kamiokande and 0 to 2 scattering events in IMB. Fluxes above
the dashed line correspond to an emitted energy in neutrinos that
exceeds the binding energy of a neutron star.

allowed temperature (as determined by the Kamiokande data)
is reduced to 3.5 MeV (for F./F; <10). While this result is
consistent with the lower range of the IMB data (see Fig. 1), it
reduces significantly the calculated likelihood of the combined
data. A better fit to the last three data points can be obtained
by assuming that the neutron star is cooling, which naturally
leads to a lower temperature producing the later points®.

The single temperature model represents a satisfactory fit to
the observations. For T =4.1 MeV and F,,,,/ F;, = 10, the proba-
bility of obtaining a worse KS measure than was found for the
observed energy distribution is 33% for the Kamiokande data
and 65% for the IMB data.

Monte Carlo simulations show that (5% significance) between
3 and 7 of the first 8 events in Kamiokande were due to absorp-
tion of electron anti-neutrinos. The KS test can only reject the
possibility of 0 scattering events at 2% significance, which is
small but not completely negligible. There were between 6 and
8 absorption events in IMB (95% confidence level).

Figure 2a shows that there is a well-defined range of anti-
neutrino fluxes,

F; =(0.15-0.7) x 10"° cm ™ (3b)

(95% confidence level) that is consistent with both the observed
event rates. If we require that the count rates in IMB and
Kamiokande are compatible and assume that the detector
efficiencies are accurately known'?, then the neutrino tem-
perature must exceed 3.7 MeV.

For the temperature and flux ranges inferred here (equations
(3a) and (3b)), we would not expect a large signal in either the
Mont Blanc or the Baksan scintillator detectors®. Assuming a
detection  efficiency of 100%, we estimate 0.8X
(T/4.1 MeV)*(F; /0.5x 10" cm™) absorption events per 100
metric tons of scintillator.

As was already seen from Fig.1, a much larger range is
acceptable for the flux of v ,,, which is determined by a small
number of events in the forward peak of either detector. The
Veean flux is harder to determine than the v, flux because the
scattering cross-section is much smaller than the absorption
cross-section.
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The strongest experimental limit on F,,, comes from the
detection of one to five (forward-peaked) scattering events in
Kamiokande (see discussion of Monte Carlo experiments pre-
ceding Fig.2a). The likelihood function does not vary sig-
nificantly over this range but is peaked between two and three
scattering events. Figure 2b shows that there is a large range of
fluxes consistent at the 95% confidence level with one to five
scattering events in Kamiokande. All fluxes in this range are
consistent with the detection of 0 to 2 scattering events in IMB.

The formation of a neutron star in a type II supernova is
expected to relase, in neutrinos, nearly all of the star’s binding
energy, 0.1 X M, .uiron star, Which is 2.6 x 10> ergs for a neutron
star of mass 1.4 M. Requiring that the energy emitted in
neutrinos does not exceed the energy released by the collapse
of the core to form a neutron star further constrains F,,,. The
total energy, E,...that is removed by neutrinos is E,, =
59x10%erg (F/10"°cm™2) (T/4.1MeV) (D/50kpc)®. The
region above the dashed line in Fig. 2b corresponds to a total
emitted neutrino energy in excess of 3 x 10°* ergs. We adopt as
the acceptable range,

Fr = (0.1-5)x 10" cm ™2 (3¢)

The upper limit in equation (3¢) could be increased slightly if
we assumed that the supernova produced a neutron star more
massive than 1.44 M, which subsequently cooled and collapsed
to form a black hole.

Can the expected flux of v, be detected in the *’Cl experiment
of Davis? The calculated number of events occurring in the *’Cl
tank, corresponding to the range of fluxes given in equation
(3¢), varies from 0.02 to 2, depending upon whether one uses
the upper limit (with F(v.)=F,,,) or the lower limit (with
F(v,) =0.5% F,,,.). The background from solar neutrinos will
probably be too large to permit a stringent test of equation (3c¢).

The mass of ¥, is strongly constrained® by the observed ener-
gies and arrival times of the lowest-energy neutrino events if
these events are due to absorption and not scattering (otherwise,
the kinematic relations are not unique). The most important
event has the lowest energy, 7.5 MeV, and is observed at an
angle of 108°+ 32° with respect to the LMC; the probability that
this event is due to scattering is <0.2%. The two next most
important events have measured energies 9.2 MeV (70°+30°)
and 12.8 MeV (135°+23°); the corresponding probabilities that
these events are due to scattering are, respectively, 5% and
«0.1%. We conclude that it is valid to use absorption kinematics
in constraining the mass of v..

We now consider the following question: is there any evidence
for or against matter oscillations of neutrinos (the MSW effect®*)
having affected the neutrino fluxes or spectra? Yes, provided
we consider the unfamiliar case in which the electron’s neutrino
is predominantly associated with the highest mass eigenstate.
The v, and v, and their anti-neutrinos, are expected on conven-
tional supernova models (see, for example, Table 1 of ref. 5) to
be produced in comparable numbers to v, and v,, but with a
temperature that may be a factor of two higher (~10 MeV). The
key point is that the higher-temperature mu and tau anti-
neutrinos can, for the unconventional mass hierarchy we stress
here, be converted to more easily observable electron anti-
neutrinos by neutrino oscillations.

If, on the other hand, the mixing angles are all small and the
lowest mass eigenstate is almost pure v., matter oscillations
constitute an attractive solution® of the solar neutrino problem,
one that is consistent with some grand unified theories. However,
as pointed out earlier in a prescient study®, the expected effects
on supernova neutrinos are not large for matter oscillations
satisfying the above assumptions. Wolfenstein'® has noted that
large mixing angles are also possible and may, for certain
parameters, both solve the solar neutrino problem and have
appreciable effects on the observed supernova neutrino spectra
and fluxes.
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What limits can be placed on possible high-temperature com-
ponents of vy, and b.? From the total number of events
observed in the IMB detector, we find that the upper limit (95%
confidence level) on the number of high temperature, T>
10 MeV, neutrinos is

F;(T>10MeV)=<0.1x10"cm > (10 MeV/T)  (4a)

and, from the angular distribution of the IMB events and the
total energy constraint (see discussion preceding equation (3c)

Foao(T>10MeV)<2x10"° cm™2(10 MeV/T)  (4b)

But if matter oscillations with large mixing angles do occur and
., ¥,. and v, were produced in comparable numbers, then one
might expect to have observed a high-temperature component
of 7, that represented converted mu and tau anti-neutrinos. As
both ¥, and ¥, could have been converted to v., favourable
conditions would have resulted in a flux of about twice as many
(converted) high temperature v, as direct low-temperature v,.
Equation (4a) shows that this did not occur. In fact, this conceiv-
able manifestation of the MSW effect did not occur at a level
of 0.1 or more above what might have been expected.

Our main conclusions are summarized below. (1) The tem-
peratures and fluxes (equations (3a-c)) inferred here are in
remarkable agreement with the standard theoretical ideas of
how stars collapse and supernovae are formed''~%'; the observa-
tions of supernova neutrinos represent therefore a great triumph
for astrophysical theory. Table 1 of ref. 5 gives a convenient
summary of the (pre-observation) expectations. The numerical
comparison between observations (equation (3)) and expecta-
tions (Table 1 of ref. 5) is: Toypes =5 MeV [ T, =4.1753 MeV];
Frpex =1.1%10"%cm ™% [Fo,=0.5537x10cm™];  and
Frrpear(ve) =1.6x10°°m™  [F, (scatt) = (0.1-5) x 10'° cm™].
The total energy in neutrinos is, within the uncertainties, con-
sistent with the theoretical expectation of 3x10% ergs. This
model suggests that the full (3 kton) Kamiokande detector
experienced ~20(T/4.1 MeV)*(Flux/0.5x10' ¢cm™%) absorp-
tion events (assuming 100% efficiency). (2) The simplest (one-
temperature thermal) model provides an acceptable fit to the
observed energy and angular distributions of both the
Kamiokande and the IMB observations. The success of the
simple model means that major refinements are not required by
the data, except perhaps to explain the three delayed events
observed in the Kamiokande detector®. One can use the observa-
tions to rule out more detailed and specific astrophysical models,
but it seems unlikely that one will be able to infer many addi-
tional parameters in an unambiguous fashion. (3) Between 3
and 7 absorption events were observed in Kamiokande and
between 6 and 8 absorption events were detected by IMB (5%
significance). The possibility of zero scattering events in both
detectors can only be rejected at the level of 2% significance.
The crucial low-energy events, which are important for setting
an upper limit on the mass of v., can safely be ascribed to
absorption, not scattering. (4) We expect’ only a small number
of events in the Mont Blanc, Baksan and Homestake (*’Cl)
detectors. (5) The observations constrain possible high-
temperature neutrino fluxes (see equation (4)), and argue against
the occurrence of the MSW effect in an unconventional mass
hierarchy in which electron neutrinos are predominantly associ-
ated with the heaviest mass eigenstates.

While this work was being completed, we received several
interesting and relevant papers (J. Arafune and S. Fukujita,
preprint RIFP-693, Kyoto University, 1987, K. Sato and
H. Suzaki, UTAP-47, University of Tokyo, 1987; refs 22, 23).
Our paper is the first joint statistical analysis of the result in
both the Kamiokande and the IMB experiments, which accounts
for the fact that some of our conclusions are different from those
given in the recent preprints.

We thank the Kamiokande-II Collaboration and the IMB
Collaboration for sharing with us their epochal data. This work
was supported in part by the NSF.
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Note added in proof: J. C. van der Velde (personal communica-
tion) suggests that the best estimate for the effective volume of
IMB may be 6.5 ktons. This larger amount of material improves
slightly the joint fits, reduces the ridge-line for the temperature
by 0.2 MeV (to 3.9 MeV), and does not significantly affect the
estimated fluxes.
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Downflows in coronal loops
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The existence of the solar wind requires a net outflow of material
at all depths in the solar atmosphere. Thus, the observation of a
prevalent downflow at temperatures near 10° K presents a con-
siderable challenge. Two classes of flow models have been sug-
gested, each involving flow along closed magnetic-field lines that
extend above the chromosphere into the hotter transition region
and corona. Type-(1) models*** assume unidirectional equilibrium
flows along field lines and rely on asymmetry in the flow and
plasma properties to produce an apparent downflow. Type-(2)
models*®, by comparison, assume a series of episodic upflows and
subsequent downflows along each line of force and rely on asym-
metry in the plasma properties and flow durations to produce a
statistically prevalent downflow. Here I argue that observational
evidence strongly suggests that both types of flow are present but
that type-(2) flow is predominant.

To establish this conclusion, we first review the observed
properties of commonly occurring flows. Three features of the
flow that have been extensively documented are as follows.
(1) The apparent downflow velocity'-? reaches a maximum near
10° K and is markedly diminished near 2 x 10° K. (2) An upflow
in the form of cool spicules’® is observed near 1.5x 10* K and
has a mass flux®® that agrees well with the reverse mass flux
observed near 10° K. (3) Large-scale patterns of alternate bands
of blue- and redshift separated by velocity neutral lines'®!!:!?
observed near 10° K are well correlated with large-scale magnetic
field patterns at the photospheric level, but for each magnetic
neutral line there are typically two velocity neutral lines. For
convenience, we refer to the former as B, lines and the latter
as V; lines. In the following, we draw particular attention to
the tendency for two V, lines to accompany each B, line. This
observation holds an important clue to the true nature of the
flow field.

It is important to note that both the velocity and magnetic
maps give only the line-of-sight component of the field. Thus,
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